1. Cardiac output, oxygen consumption, total blood volume and mean circulatory transit time were investigated at rest in men with sustained essential hypertension in comparison with normal subjects of the same age and sex.
Introduction
Cardiac output is normal in men with sustained essential hypertension. In several papers (see reviews [ l , 2] ), it has been shown that the normal value of cardiac output results from several adaptative mechanisms involving: (i) a lesser contribution of neurogenic factors, (ii) an Correspondence: Professor Safar, Centre de Diagnostic, Hopital Broussais, 96 rue Didot, 75014 Paris.
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increased contribution of 'volume' factors [3] and finally (iii) a decrease in venous compliance [4, 51. The fact that these adaptative mechanisms in hypertensives were different from those of normal subjects {2] suggested that the relationship between cardiac output and oxygen consumption could not be the same in normal subjects and in men with sustained essential hypertension.
The curve relating cardiac output to oxygen consumption has been extensively studied in hypertensive subjects, mainly during exercise . At rest, an increase in the arteriovenous oxygen difference has been observed [6, 71. In most cases, the latter finding has been attributed to some degree of congestive heart failure [6, 71. However, recent studies, mainly based on echographic findings, did not favour this interpretation, since most of the patients with moderate uncomplicated hypertension have only cardiac hypertrophy with no congestive heart failure [lo, 111. Consequently, the increased arteriovenous oxygen difference could also be related to peripheral as well as to cardiac Factors. For this reason, we have studied cardiac output, oxygen consumption and renal blood flow at rest in patients with sustained essential hypertension and compared the results with those of normal subjects of the same age and sex.
Materials and methods

Patients
Sixty-four male subjects were included in the study: 29 normal control subjects and 35 sustained hypertensive patients. The two groups were of similar age (Table 1 ). All patients were untreated or had discontinued their therapy at least 4 weeks before the study. They were hospitalized for 6 days and placed on a sodium diet of 100 mmol/day. The subjects were considered as normal when the reason for their admission was not cardiovascular disease and when the clinical and extensive laboratory investigations were strictly normal. The patients were considered to have sustained hypertension when their diastolic pressure was constantly above 100 mmHg during the untreated ambulatory period.
The 64 subjects were submitted to extensive investigations, including blood and urinary electrolyte and catecholamine determinations, endogenous creatinine clearance, and timed intravenous pyelography. All the patients were listed as having essential hypertension. None had cardiac or neurological involvement. In all cases, congestive heart failure was absent and creatinine clearance was above 80 ml/min. Clinical characteristics are given in Table 1 . Consent for investigations was obtained after a detailed description of the procedure. The protocol was approved by INSERM (Institut National de la Santd et de la Recherche MBdicale).
Haemodynamics
Haemodynamic variables were determined on the third day of hospitalization. After overnight fasting, the patients were brought to the haemodynamic laboratory without having received premedication. A transcutaneous catheter was inserted via an antecubital vein into the subclavian vein, for the injection of indocyanine green dye. An 18 gauge thin-walled needle was also inserted into a brachial artery for the measurement of intra-arterial pressure and sampling of blood for indicator dilution curves. Cardiac output was measured at least twice with the subject in the supine position according to the Stewart-Hamilton method [3, and cardiac index (ml min-' m-').
Total blood volume
Before the cardiac output measurements, total blood and plasma volumes were measured by the isotopic dilution method, using radiodinated albumin, as previously described and discussed [12] . After withdrawal of a control sample, 3 pCi were injected. Ten minutes later, a single sample was taken for counting and volume estimations. In 27 of the 64 patients, several consecutive blood samples were taken and activity was plotted against time. The volume was calculated from the extrapolated activity at zero time. The volume was lower than that obtained from the single 10 min sample but the difference (5 f 3%) was not significant. So, the determination with the single 10 min sample was used as an estimation of intravascular volume in all patients. Blood volume was expressed in ml/m2 [5] . According to the dilution equations [ 131, mean circulatory transit time (s) was calculated as the ratio between total blood volume (ml/m2) and cardiac index (ml s-l m-').
Renal indices
At the same time as blood volume was measured, renal blood and plasma flows were estimated with '321-labelled hippuran clearance (20 pCi), by the single injection method [12] . After a control sample had been taken, the injection was made at zero time and five blood samples were collected between minutes 10 and 20. Radioactivity concentrations were plotted against time on semilogarithmic paper. Calculations were made by using the one compartment model, as previously described [12] . Renal blood flow was calculated from renal plasma flow and packed cell volume.
Statistical study [ 141
Mean, standard error and correlation coefficients were calculated according to standard statistical methods. Regression analyses were carried out by using the least squares method. Differences in means between two groups were assessed by using the Student's t-test. A P value of less than 0.05 was accepted as being statistically significant. Table 1 shows that age was similar in the two groups of subjects while body weight and body surface area were slightly increased in hypertensives (P < 0.05). Table 2 indicates that blood pressure and total peripheral resistance were significantly increased (P< 0.001) in hypertensives while heart rate was within the normal range. Cardiac index remained within the normal range in hypertensives. Table 3 shows that oxygen consumption was similar in the two groups of subjects. Arteriovenous oxygen difference was slightly but insignificantly increased in sustained hypertensives.
Results
Mean values
Total blood volume was reduced (P < 0.05) while mean circulatory transit time remained within the normal range. Renal blood flow and the renal fraction of cardiac output were significantly reduced (P < 0.01 ; P < 0.05). Table 4 shows the correlation coefficients of oxygen consumption with age and haemodynamic and renal variables.
Correlations
Oxygen consumption was significantly correlated with age and cardiac index in both groups ( Table 4) . For the correlation with age, the normotensive and the hypertensive curves were not significantly different (Fig. 1) . For the correlation with cardiac index, the slope of the hypertensive curve was significantly shallower (Fig. 2) , indicating that, for the same cardiac index level, oxygen consumption was higher in hypertensive groups.
Oxygen consumption was not significantly correlated with blood volume. The correlation with mean circulatory transit time was significant both in the normotensive (r = -0.48; P < 0.01) and the hypertensive groups (r = -0.36; P < 0.05) (Fig. 3) . , .
.. .
In controls, mean circulatory transit time was uxygen consumption was negatively correlated -.. positively correiarea wirn age tr = u . 5~; r < U.USJ and arteriovenous oxygen difference (r = 0.42; P < 0.05). The latter correlation existed even for a constant age (partial correlation). In hypertensives, no significant correlations were observed between mean circulatory transit time and age or mean circulatory transit time and arteriovenous oxygen difference (Fig. 4) . 0 . 3 2 ) . Both in controls and in hypertensives, arteriovenous oxygen difference and oxygen consumption were positively correlated (Fig. 5 ) . However, for a given oxygen consumption, arteriovenous difference was constantly higher in hypertensives. Oxygen consumption was negatively correlated with the renal fraction of cardiac output ( Table   4 ) . The correlation was less significant (r = -0.36; P < 0.05) in hypertensives than in controls (r = -OSl;P<O.Ol) (Fig. 6 ). . 
Discussion
In the present study, cardiac index and oxygen consumption were found to be similar in normal subjects and in patients of the same age and sex with sustained essential hypertension. In both groups, a strong positive correlation was observed between cardiac index and oxygen consumption measured at rest. Since a negative correlation was observed between oxygen consumption and the renal fraction of cardiac output, the positive correlation between oxygen consumption and cardiac index concerned mainly the extrarenal part of cardiac output.
The slope of the curve relating cardiac index to oxygen consumption was significantly shallower in hypertensives. For a given cardiac index, oxygen consumption was higher in patients than in controls. Finally, arteriovenous oxygen difference was found to be slightly elevated in patients with sustained essential hypertension. Comparable results have been observed by Sannerstedt [7] and Lund-Johansen [6] during exercise, both in crosssectional [6, 71 and in longitudinal [15] studies. Thus, in hypertensive subjects, oxygen demand is satisfied in the presence of a normal cardiac output by an increase in oxygen extraction (Fig. 5) .
Cardiac output is both the ratio between oxygen consumption and arteriovenous oxygen difference and the ratio between total blood volume and mean circulatory transit time [16] . Since oxygen consumption was found t o be related to mean circulatory transit time rather than in blood volume (Fig. 3) , a relationship was expected to occur between transit time and arteriovenous oxygen difference. In normal subjects, an age-independent relationship between these two variables has been observed: the shorter the transit time of erythrocytes, the lower the arteriovenous oxygen difference and, consequently, the more reduced the capacity of erythrocytes to provide oxygen to tissues. In the present study, such a physiological adaptive mechanism between the transit time and the liberating capacity of erythrocytes was not observed in patients with sustained essential hypertension. Mean circulatory transit time is well known as an index of the velocity of erythrocytes within the cardiovascular circuit [ 161: the shorter the transit time, the higher the velocity of erythrocytes. Indeed, the velocity of erythrocytes has been shown to be modified in patients with sustained essential hypertension. In particular, velocity is reduced when the section of large arteries is increased, as shown in the brachial artery [17] , and increased in the resistance vessels whose calibre is narrowed. Velocity is an important parameter since the kinetic energy of erythrocytes depends on power two ofvelocity [16] . On the other hand, it must be stressed that the increased arteriovenous oxygen difference of hypertension reflects a reduction in oxygen content of erythrocytes in the venous side of the circulation [6, 71 and consequently a modification in the oxygen transport across the membrane of these intravascular cells. Indeed important abnormalities in cation transport across the membranes of erythrocytes have been also recently reported in hypertensives [18] . Thus, the results of the present study could suggest that the loss in the relationship between transit time and arteriovenous oxygen difference in hypertensives reflects important changes in the transport and cost of energy in erythrocytes of patients with sustained essential hypertension. Whether these modifications are cause or consequence of hypertension is unknown. Such a subject has been poorly investigated in man and requires further study.
